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Methods of Measuring Humidity and Testing
Hygrometers

A Review and Bibliography

Arnold Wexler and W. G. Brombacher

This paper is a review of methods for the measurement of the water-vapor content of
air and other gases and for the production and control of atmospheres of known humidity
for hygrometer testing and calibration and for general research. Among the hygrometric
techniques discussed are psychrometry, mechanical hygrometry, dewpoint measurement,
electric hygrometry, gravimetric hygrometry, thermal conductivity, index of refraction,
pressure and volume measurements, and dielectric constant. Descriptions are given of
suitable equipment for establishing desired humidities over a wide range of temperature.
A list of 157 selected references pertaining to hygrometry is included,

1. Introduction

The conditions under which the relative or ab-
solute humidity of gases are measured, recorded,
or controlled vary greatly, and as a result, many
methods of humidity measurement have been de-
veloped or proposed. However, for some applica-
tions there is at present no satisfactory method
available for such measurements, and the avail-
able information on methods and instruments for
measuring humidity is quite scattered. This Cir-
cular, with the appended references, is intended
to answer inquiries on humidity measurement in
a more comprehensive manner than may be done
by correspondence.

Knowledge of the moisture content of solid ma-

terials, particularly paper, wood. and grain, is
often required during some stage of processing or
storage. The equipment, known as moisture
meters, used for this purpose is not discussed in
this Circular.

In many cases a substantial gaseous equilibrium
exists between the solid and the surrounding at-
mosphere. .\ satisfactory determination of the
moisture content of the solid can be made by the
relatively easy measurement of the humidity of
the atmosphere, once the relation between the two
has been established. The same is true, of course,
for liquids of definite composition, except that
the water content may vary.

2. Definitions

Relative humidity is the ratio, usually expressed
in percent, of the pressure of water vapor in the
@as to saturation pressure of water vapor at the
temperature of the gas. In engineering, relative
humidity is sometimes defined as the ratio of the
weights per unit volume of the water vapor in the
gas mixture and the saturated vapor at the tem-
perature of the gas mixture. The two definitions
are equivalent for all practical purposes.

Absolute humidity of a gas mirture may be de-
fined as the pressure of water vapor, or as the
weight per unit volume of water vapor.

Specific huuidity, a term of use in air condi-

tioning, is the weight of water vapor in air per
unit weight of the dry air.

Dewpoint is the temperature to which water
vapor must be reduced in order to obtain a relative
humidity of 100 percent that is, to obtain satura-
tion vapor pressure.

Instruments from which the relative humidity
is determined are called either psychrometers or
hygrometers.  Generally, the dry- and wet-bulb
instrument (deseribed later) is called a psychrom-
eter, and direct indicators of relative humidity
are called hygrometers.

Hygrographs are recorders of relative humidity.
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3. Classification of Instruments

Humidity-measuring instruments and methods
may be divided into the following classes for con-
venience. No exhaustive search of the literature
was made to insure a complete listing of all prc-
posed instruments, so that it is anticipated that
some omissions exist.

Dry- and wet-bulb. Measurements depending
on the change in temperature due to rate of evap-
oration from wet surfaces, an example of which
is the dry- and wet-bulb or sling psychrometer.

Mechanical hygrometers. Measurement of a
change in a dimension of an absorbing material,
such as human hair or goldbeater’s skin.

Dewpoint indicators and vecorders. Instru-
ments which indicate or record the temperature
at which dew from the gas (air and water vapor)
mixture under test will just form. .\ common
type employs a mirror for observing the forma-
tion of the dew.

FElectrical hygrometer. Measurement of the
electrical resistance of a film of moisture absorb-
ing material exposed to the gas under test.

Gravimetric — hygrometer.  Measurement of
weight of moisture absorbed by a moisture absorb-
ing material.

(a) Increase in weight of a drying agent as gas
with a constant moisture content is passed
through it.

(b) Change in weight of an absorbing material
with change in moisture content of the gas under
test.

Thermal conductivity method. Measurement

of the variation in thermal conductivity of a gas
sample with water vapor.

Spectroscopic method. Measurement of the
change in intensity of selected absorbing spectral
lines with change in humidity of the gas under
test.

Indee of refraction. Measurement of change
in index of refraction of a moisture absorbing
liquid with change in ambient humidity.

Pressure or colume.  Measure 1ent of the pres-
sure or volume of the water vapor in a gas sample.

T hermal vise. Measurement of the tempera-
ture rise of a material exposed to water vapor.

Mobility of ions. Measurement of the change in
mobility of ions due to the presence of water
"APOT.

Dielectric constant. Measurement of the diclec-
tric constant of a gas with change in water-vapor
content.,

C'ritical flow. Measurement of the variation of
pressure drop across two combinations of nozzles,
operating at critical flow, with a desiccant be-
tween one pair of nozzles.

Diffusion hygrometer. Measurement of effects
due to diffusion of gases with and without water
“apor.

C'hemical m.et hods. Procedures involving
chemical reactions or phenomena.

For sources of supply for the instruments in-
dicated as commercially available, consult 7'homas
Register of American Manufacturers or The
Instruments Indexr.

4. Description of Instruments

4.1.

The psychrometric method of determining hu-
midity is of importance in the fields of meteor-
ology air conditioning, refrigeration, and the dry-
ing of foods, Tumber.ete.  Its basic simplicity and
fundamental calibration have made it the dom-
inant means for measuring the moisture content
of air.  The elemental form of the psvehrometer
comprizes two thermometers. The bulb of one
thermometer s covered with a moistened cotton
or linen wick and is ealled the wet-bulb, whereas
the bulb of the other thermometer is left barve and
is referred to as the dry-bulb.  The evaporation
of water from the moistened wick of the wet-bulb
thermometer produces a lowering in temperature
and from the readings of the two thermometers
and the air or gas pressure, the humidity, abso-
Iute or relative, may be determined. It i< current
standard practice to ventilate the thermometers
by <linging. whirling, or forced-air cireulation.

To obtain the relative or absolute humidity, the
relation between the wet- and dry-bulb readings

Dry- and Wet-Bulb Psychrometer
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and the actual pressure of the water vapor must
be known. This correlation was obtained by
Ferrel (26) in 1886, based on the data of Marvin
and Hazen, who made numerous ohzervations of
wet- and dry-bulb readings with sling and whirled
psyehrometers and simultaneous determinations
of dewpoimnts with Regnault and Alluard dew-
point apparatus.  Ferrel, after reducing these
data. fitted them into the expression
c=c¢"—=AP(t—=t")
where. in metrie units,
A=6.60X10 ¢ (140.00115¢%)
c=partial pressure of water vapor in mm He
at- the dry-bulb temperature #<C
¢’ =gaturation pressure of water vapor in mm
Hg at the wet-bulb temperature #7°C
P=total pressure (which, in the cage of mete-
orological observations, is atmospheric
pressure) inmm He

Pgares in parentheses indieate the literature references at
the end of this paper,




and where, in English units,

A=3.67X104 [1+0.00064 (¢ —52)]
=partial pressure of water vapor in. Hg at
the dry-bulb temperature ¢°F
¢’ =xaturation pressure of water vapor in in.
Hg at the wet-bulb temperature ¢°F
P=total pressure in in. He.

Starting from fundamental concepts, several
theories have been dev eloped that attempt to ex-
plain the phenomena that occur at the wet-bulb
and which. at the zame time, vield expressions of
the form used by Ferrel. The first equations for
use in psychrometry were developed by Ivory (21)
m 1522 and extended by Angust (22) in 1825 and
Apjohn (23) in IS37. The somll(-d convection
theory is the result of their work. In 1911, Car-
rier (28, 42) and in 1922, Lewis (40) reestab-
lished the basis of this theory and renamed it the
adiabatic saturation theory. This theory, which
depends on a heat balance at the wet-bulb. found
wide acceptance in the air-conditioning and re-
frigerating industries and has been used exten-
qn'e]\ in the construetion of phychrometric charts.
The agreement between theory and experimental
data was investigated by Carrier (28) and Drop-
kin (87). Their results indicate that for most
work of engineering accuracy, the adiabatic satu-
ration theory is adequate for predicting the vapor
pressure of water vapor from wet- and dry-bulb
readings. Maxwell (11) in 1877 deduced an
equatmn based on the diffusion of heat and vapor
through a surface gas film on the wet-bulb. In
recent years, further work has been done experi-
mentally (71) and theoretically (73) on psycho-
metric theory. and in reviewing the subject (93).

As the psychrometric formula | gives the partial
pressure of the water vapor of the oas under test,
a computation is necessary to convert to humidity
in other terms. The relative humidity, for ex-
ample, is obtained from the equation

RII== : X 100,

where
e=1the partial pressure of water vapor as de-
termined by the psvehrometrie formula
es=the saturation pressure of water vapor at
the dry-bulb temperature
RII=the relative humidity, in percent,

In practice, calculations direetly involving the
use of the psychrometric formula are rarely made.
The customary 1)1'()cv(lure is to employ tables (1,
4,5,7, 13, 14, 15, 10, 8, -+, 67,81, and 96) or charts
or curves (l.. 18, 77, 82, 100, 107, 115) that con-
veniently and 1.1])|(ll_v Al ield the relative humidity,
vapor pressure, or dewpoint from the dry- and
wet-bulb  thermometer readings and the air
pressure,

The sling psychrometer (1, 8, 12, 15, 60), using
two mercury thermometers, is the common form of

r

this instrument. Tt is relied upon pr incipally by
meteorologists and is widely used by other scien-
tists and l)\ engineers for measuring relative hu-
midity. V entilation is obtained b\' swinging the
thermometers to produce a minimimn air volomty
of 900 ft/min at sea level (higher at altitude).
It is cupplied by firms manufacturing meteoro-
logical instruments and by many ¢lb0l‘lt()l\ appa-
ratus supply houses,  Stationary thermometers,
with ventilation produced by a motor-driven fan
or blower integral with the instrument. are known
as Assmann or aspiration psvchrometers (1. 8, 12,
60). These are also commercially available from
a smaller number of firms. Unventilated psy-
chrometers are unreliable and henee rarely used.

In addition to the mercury-in-glass thermom-
eter, other temperature measuring “devices m: W be
‘ul‘nptod for ps\(hmmoh ic use. Rexistance lhm-
monieters (47, 64, 70) thermocouples (63, 69, 72,
89, 90, 108), and bimetal thermometers (148) can
be used for both indicating, recording. and con-
trol.  Thermocouples are of special interest where
low lag is important, where there is little or no
\'ontllatlon (72. 89, 90) or where very low rela-
tive humidities (91) ave to be measured.

Instead of direct temperature measurements,
the temperature of the thermometers may he
equalized (140). In this method the tempera-
ture of the wet-bulb is raized to that of the dry-
bulb and the heat measured which is required to
maintain equilibrium. This is accomplished by
winding a manganin wire heater around the wet-
bulb and under the wick and measuring the cur-
rent when the wet- and dry-bulb thermometers
read alike. .\ convenient arrangement utilizes a
differential thermocouple ps=vehrometer  whose
output is read on a galvanometer.  The current
to the wet-bulb heater is adjusted until the gal-
vanometer no longer deflects.

The psychrometric method often may bhe ap-
plied in specialized or unconventional conditions.
At temperatures below freezing, the psychrometer
continues to function, but the magnitude of the de-
pression is greatly reduced and proper precautions
must be taken to obtain reliable data (121). At
elevated temperatures or low relative humidities,
special instruments (56), tables (67) and tech-
niques (74) must be used.  Most tables and charts
are designed for use at atmospheric pressures.
When jow or high pressures are encountered, cither
special tables ( 5, 44) or charts (82) must l)o used
or the relative humidity must be computed.

Where the moisture content of gases other than
air is to be determined, the psychrometric constant
A must be modified, to account for the physical
properties of the particular gas.  Values of .1 for
several mono-, di- and triatomic gases are given
by Branckhoff (143).

Among the factors influencing the performance
and accuracy of the psy chrometric method are (a)
the sensitivity, accuracy and agreemen in reading
of the thermometers, (b) the spved of air past the
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wet-bulb thermometer, (¢) radiation, (d), the size,
shape, material and wetting of the wick, (e) the
relative position of the dry- and wet-bulb ther-
mometers, and (f) the temperature and'purity
of the water used to wet the wick. .\ discussion
of these factors will be found in (1, 8, 12, 15, 35,
37, 46, 60, 74, 78, 90, 98, 121, 151).

The thermometers used in psychrometry should
be high-grade matched instruments, else appre-
ciable error may be introduced. While a calibra-
tion of the thermometers is desirable, an inter-
comparison at several temperatures to determine
whether they read alike usually suflices. In addi-
tion, when high accuracy is desired and low rela-
tive humidities are measured, corrections for the
emergent stem of the wet-bulb thermometer
should be applied.

Thermometer errors may combine in several
ways to influence the accuracy of the relative hu-
midity. Thus either the dry-bulb thermometer or
the wet-bulb thermometer or both may be in error.
The magnitude of the error in relative humidity
will depend not only on the magnitude of the
thermonieter errors, but also on their particular
combination, since both the dry-bulb temperature
and the wet-bulb depression are required for a
determination. Occasionally, in psychrometric
work, instead of measuring both the dry- and wet-
bulb temperatures separately, the dry-bulb tem-
perature and the wet-bulb depression are meas-
ured, from which the wet-bulb temperature can
be computed for use in entering commonly avail-
able tables. The latter is obtained by measuring
the temperature difference with, say, a differential
thermocouple, one end of which is maintained dry
and the other wet. Here the errors may occur
either in the dry-bulb measurement or in the de-
pression measurement or in both. Errors in the
depression, however, may be considered as equiva-
lent to errors in the wet-bullb reading, so that es-
sentially the combinations of errors are the same
as those first listed.

In order to obtain an estimate of the errors in
relative humidity arising from thermometer er-
rors, it will be assumed that psychrometric meas-
urements are made at atmosp{\eric pressure (29.92
in. He), at dry-bulb temperatures of 150°, 100°,
752,507, and 32° I, and at wet-bulb depressions of
(.1, Lo, and 10° F. For these given conditions,
the errors in relative humidity, due to (a) a nega-
tive error of 1° F in wet-bulb temperature with
the dry-bulb temperature correct, (b) a positive
error of 1° I in dry-bulb temperature with the
wet-bulb temperature correct, (¢) an error of 1°
F in dry-bulb temperature and an error of 1° F
in wet-hulb temperature, both errors being nega-
tive, and (d) a positive error of 1° F in dry-bulb
temperature an(\ a negative error of 1° F in wet-
Lulb temperature, have been determined and are
given, correspondingly, in table 1. It is seen in
(c), table 1, that the errors are greatly reduced if
the thermometers are matched.

4

TaBLe 1. Error in relative humidity due lo uncorrected
errors in the thermometers

(a) Dry -bulb thermometer reads correctly; wet bulb thermometer
reads 1 deg ¥ low

Error in relative humidity at a wet bulb depression

Dry bulb tem- [ of—
perature |
i t1deg F 1.0deg F 10 deg F
| o !
o c: o Fend
{ i "0
150 2.6 2.6 2.1
100 3.6 3.5 2.9
7h 4.6 4.5 3.7
50 8.7 6.6 5.6
32 10. 5 10,3 ‘ e 4 aee

(h) Dry bulb thermometer reads 1 deg F high; wet bulb thermometer
reads correctly

Error in relative humidity at a wet bulb depression
Dry i :lo tem- of—
perature
0.1 deg F 1.0deg F ' 10 deg F
— e

o ‘; “ | o
150 2.6 2.5 2.0
100 3.5 3.4 ' 2.6
78 4.5 1.4 . 3.1
50 6.6 0.4 4.3
32 9.5 ‘ 9.4 ] .

(¢) Dry bulb thermometer reads 1 deg F low; wet bulb thermometer
reads 1 deg F low

Error in relative humidity at a wet bulb depression

Dry bulb tem- of—

perature |
0.1 deg F ‘ 1.0deg F ' 10 deg F
oF r;\ (92 9r
150 0. 00 ‘ .02 0.1
100 .00 .03 ! .32
75 "0 l 05 ! TAl
50 .00 ‘ A1 i 1.24
32 .02 i .20 ! U

(d) Dry bulb thermometer reads 1 deg F high; wet bulb thermometer
reads I deg F low

Error in relative humidity at a wet hulb depression

Dry bulb tem- of ;
perature
0.1deg F 1.0deg F I 10 deg F
LA Lol [and ! aod [
r « | 4
150 5.1 5.0 i 4.1 [
100 7.0 6.8 5.4 .
79 ] 87 1 A7
50 13.0 ' 12.7 i LR
32 19.8 19.3

The psychrometric constant, .1, in the Ferrel
formula is not invariant but is a function of the
velocity of ventilation across the wet-bulb ther-
mometer, and reaches a minimum value as the
velocity 1s increased. This is reflected as a maxi-
mum wet-bulb depression. Any further increase
in velocity will have negligible effect. When the
velocity is sufficiently high so that A, is constant,
then the magnitude of the velocity need not be
measured or estimated. For most mercury-in-

lass thermometers with bulbs 14-inch diameter or
ess, the acceptable minimum rate of ventilation is




900 ft/min.  If this velocity is not achieved, then
the measured wet-bulb depression will not be a
maximum, and the use of the psychrometric for-
mula. tables or charts will yield values of relative
humidity that are too high.

The heat absorbed by the wet-bulb due prin-
cipally to radiation tends to raise the wet-bulb
temperature so that a true depression is not at-
tained. To minimize this etfect, radiation shield-
g is commonly emploved. One method of such
shielding, successfully used in some ventilated psy-
chrometers, is to surround the wet-bulb with an
external primary metal shield and to insert an
auxiliary shield between the primary external
shield and the wet-bulb, this anxiliary shield being
covered with a wick o that, upon moistening, the
auxiliary shield may be brought close to the wet-
bulb temperature thereby practically eliminating
the source of radiation and conduction due to the
difference between the dry- and wet-bulb tem-
peratures,

The function of the wick is to retain a thin film
of water on the wet-hulb o that evaporation may
continue until the true wet-bulb temperature is
reached.  Cotton or linen tubing of a soft mesh
weave serves well for this purpose because of its
excellent. water-absorbent properties. Sizing in
the wick material. encrustations forming after use
aand lack of a snug fit interfere with the mainte-
nance of a continuous film of water. Substances
in solution in the wick water, due either to im-
purities on the wick or in the water used for mois-
tening will change the saturation vapor pressure
of water and hence atfect the results. Wicks
should therefore be cleaned and replaced fre-
quently. and distilled water should be used for
moistening.  The wick should extend beyond the
bulb and onto the stem of the thermometer, for an
inch or so, in order to reduce heat conduction
along the stem to the bulb.

Although the temperature of the water used to
moisten the wick is often at dry-bulb temperature,
it. should be preferably that of the wet-bulb or
slightly higher. The use of water that has been
brought to the wet-bullh temperature is especially
important when the ambient temperature is high
and when the relative humidity is low.

If the temperature of the water used to wet
the bulb is too high, it may take a long time for
the bulb to cool to wet-bulb temperature. and
before this point is reached the water may have
evaporated sufficiently so that the thermometer
never reaches the wet-bulb temperature. If the
moistening  water temperature is appreciably
lower than the wet-bulb temperature, the ther-
mometer temperature will elimb throughout the
period of ventilation, remaining constant at the
wet-bulb temperature only as long as there is suf-
ficient water to keep the bulb currounded with a
film of water. If the temperature of the water
used for moistening is at, or slightly above or
below, the wet-bulb temperature, then the wet-

bulb will remain or quickly attain the wet-bulb
temperature and remain at this value for an ap-
preciable length of time =o that it can be read
easily and accurately.

A separation of the dry- and wet-bulbs is nec-
essary in order to prevent the air that passes the
wet-bulb, and is thereby cooled by the evaporating
water, from contacting the drv-bulb and giving
rise to an erroneous dry bulb reading. To avoid
this, the thermometers may be arranged so that
the air flows across the dry-bulb before it reaches
the wet-bulb or the air sample may be divided so
that one part flows across the wet-bulb and the
other part across the dry-bulb.

4.2.

In hygrometers of this tvpe, human hair is com-
monly used as the sensing element.  In indicators
the midpoint of a bundle of hairs under tension
is connected by the simplest possible lever system
to a pointer. In recorders a pen arm, which is
substituted for the pointer, traces an ink record
on a clock-driven drum.

The hair hygrometer indicates relative humid-
ity directly over a wide range of temperature, but
its reliability rapidly decreases ax the ambient
temperature decreases below freezing (07 (7).

At temperatures below freezing (0° C) the hair
hygrometers indicate relative humidity i terms
of the vapor pressure of supercooled water, not
that of ice (117).

The chief defect i1s the lack of stability of the
ealibration under usual conditions of uxe. How-
ever, tests recently completed at this Bureau on
two good quality recorders indicated little aver-
age shift in calibration over a period of almost 1
vear: the hysteresis (difference in indication, hu-
midity increasing and decreasing) was of the
order of 3-percent relative humidity. See (1, 8,
12, 38, 45, 83, 83, 117) for performance data.

Reliable data on the lag of the hair hygrometer
are lacking, particularly at low temperatures.
Suddenly subjecting hygrometers at about 25° C
to a change in relative humidity requires of the
order of 5 minutes to indicate 90 percent of the
change in relative humidity : this time interval in-
creasex with decrease in temperature of the hairs,
and is of the order of 10 times greater at —10° (.
The effect of temperature on the calibration of
hygrometers commercially available i< not well es-
tablished for temperatures below 0° C.

At the best, indications of the hair hyvgrometer
have a reliability of about 3 percent in relative
humidity at room temperature when exposed to a
constant relative humidity long enough to obtain
equilibrium.  The large time lag of the hair hy-
grometer is a serious barrier to accuracy if chang-
ing humidity is being measured.

The hair hygrometer is made by a large num-
ber of industrial instrument companies, including
meteorological instrument firms; the hair hygro-
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graph (recorder) is made by a smaller but still
large number of these firms.

The hair element with suitable accessories is
widely used as a humidity controller in air-condi-
tioning and other applications.  The zero shift <o
evident in instruments measuring ambient humid-
ity is less troublesome when the refative humidity
about the element ix maintained nearly constant
(50, 62, 129).  Controllers are available from a
sizable number of industrial instrument firms,

A recent development in this country has been
the use of goldbeaters skin in disk form by Serdex
(139, It is claimed, but not vet generally ae-
cepted, that the performance is essential better
than that of the human-hair type. See (134) for
performance data at low temperatures: as for the
hair hygrometer, the indication at temperatures
below freezing of instruments reading correctly
above freezing, is in terms of relative humidity of
the vapor pressure of supercooled water.

Many organic materials are hygroscopic. Thus
wood fibers have been used as a sensing element.
Also plasties (152) in a form similar to bimetal
have some application and perhaps are the most
open to exploration. .\ cotton filament as a tor-
ston element (53) hias been tried.  None of these
seem to give essentially better,if as good perform-
ance as human hair and thus tar have had only
limited application.

4.3. Dewpoint Indicators and
Recorders

When water vapor is cooled. a temperature
1s reached at which the phase changes to liquid
or solid. At this temperature, condensation con-
tinues until an equilibrium bet ween the vapor and
liquid or solid phase is established.  The tempera-
ture at which the vapor and liquid or vapor and
solid phases are in equilibrinm uniquely fixes the
pressure of the vapor phase (saturation vapor
pressure) and therefore determines the absolute
humidity.

If the temperature at which water vapor must
be cooled for it to be in equilibrium with 1ts liquid
or ice state is measured, then the humidity is ob-
tained directly from it. The dewpoint method
provides a convenient technique for ascertaining
this ten necature.  Basieally, the procedure is to
reduce the temperature of a mirror until dew or
frost just condenses from the surrounding air or
gas sample. The temperature at the surface of
the mirror at the instant dew or frost appears
is defined as the dewpoint. If the temperature of
the air or gas sample is measured and the initial
humidity of the sample surrounding the mirror
is kept unaltered, the initial relative humidity
can be computed from a knowledge of the satura-
tion vapor pressures at the two temperatures.

It should be noted that the formation of frost
is not. always positive because of the lack of a
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ervatal nuclens. so that supersaturation may oceur,
Supersaturation is less likely to occur with respect
to the liquid phase than with the ice phase. At a
given saturation pressure, if ice does not form
on the mirror, dew will form as the mirror tem-
perature is lowered, hence there is always a little
uncertainty whether the first clouding of the mir-
ror represents the dewpoint (with condensed
water) or the frost point.

Values of the saturation vapor pressure of
water, at temperature above and helow freezing,
are readily available in various handbooks and
compilations (1,24, 6. 15, 16,17, 15, 128).  There
15 some discordance in the values given in the
listed references.  However, for most applications
in the field of humidity measurement or control,
there is little to be gained in the nse of any one
table in preference to the others. The values
given in table 2 are reproduced from the Smith-
sonian Meteorological Tables (16). At tempera-
tures below 02 C. the saturation vapor pressupes
refer to water vapor in equilibrium over ice. Sat-
uration vapor pressures of water vapor below o
Cin equilibrivim over supercooled water are given
in table 3 and are reproduced from the Interna-
tional Critieal Tables (17).

The dewpoint instrument serves as a useful re-
search tool for the determination of humidity in
meteorology as well as for the determination of
wiater vapor content in flue gases, gusoline vapors,
furnace gases, compressed gages, and closed cham-
bers,  While the dewpoint imstrument has been
wnder considerable development in the past dee-
ade, principally along the liae of improving the
temperature control, means ot indication, and au-
tomatie recording, it has been used in elemental
form as far back as the early part of the last
century.  Dalton and Daniells nsed simple dew-
point hygrometers. Regnanlt (£4) developed an
instrument that has bea used as a prototype and
standard for many years in the measurement of
atmospheric humidity.  Essentially, it consisted
of a thin polished silver thimble containing ether.
Air was aspirated through the ether to cause
evaporation and hence cooling of the thimble,
The temperature of the ether at the appearance
and dis 'ppearance of dew was observed and the
mean taken as the dewpoint. .\ thermometer in
a second thimble, near the first, gave the ambient
temperature and, by comparison, the second
thimble helped in the recognition of the appear-
ance and disappearance of dew on the first thimble,
Improvements and variations of the Regnault de-
sign were made by Alluard (25), and others (32,
41, 45, 55, H7).

The early models used ether for cooling and
mercury-in-glass thermometers for temperature
and measurement.  Recent models have employed
such cooling  schemes as compressed carbon
dioxide, dry ice, liquid air (for very low dew-
points) and mechanical refrigeration. In addi-
tion, metal mirrors are now commonly used, the
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warming of which by heat from the ambient at-
mosphere has been augmented by electric resist-
ance or induction heating. The temperature of
the mirror surface is frequently measured by ther-
mocouples aftixed several hundredths of an inch
below the surface or actually on the surface of
the mirror. While mercury-in-glass thermom-
eters are still used, their high lag introduces an
uncertainty in the temperature reading. In one
instrument, the temperature is measured by a
arbon dioxide vapor pressure thermometer in
which the mirror is integral with the bulb (19).
Visual observation of dew or frost has often been
replaced by photoelectric detection of reflected or
scattered ]i,‘:&lt from the mirror and is indicated
on an electrical meter, or antomatically recorded.
The output of the photoelectric circuit has been
used also to control the heat input to the mirror
and thereby to maintain the mirror temperature
at the dewpoint. Photoclectric observation below
the frost point has several advantages. Elec-
tronie circuits may be employved that antomati-
cally maintain a constant film thickness on the
mirror. There can then be little question of
whether the liquid or solid phase is involved, for
supercooled liquid will not long exist under such
conditions without changing to ice. There will be
no supersaturation for l].n('k of a crystal nucleus.

For information on these later forms of dew-
point indicators and recorders operating at atmos-
pheric pressure, see (79, 95, 97, 102, 104, 110, 127,
135, 142, 144, 145, 146). Dewpoint indicators re-
quiring visual observation and manual operating
of the cooling system are available from dealers
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in scientific laboratory equipment. Dewpoint in-
dicators and recorders employing photoelectric
detection are made by a limited number of
manufacturers.

Several dewpoint indicators have been de-
veloped that are of novel form or of specialized
use. An instrument for use at high pressures is
described in (133). In another instrument the
sample of gas under test is pumped into a closed
chamber and is then cooled by adiabatic expansion
to a lower pressure. By repeated trials a pressure
ratio can be secured so that a cloud or fog is just
formed when the pressure is suddenly released.
The dewpoint is computed from the ratio of the
initial to final pressure and the measurement of
the initial temperature. One version of this in-
strument. (45) employs a vacuum pump for ex-
hausting a reservoir into which the gas sample
eventually is expanded. A commercial version
(130) uses a small hand pump for compressing
the gas sample and then expands the gas into the
atmosphere.  No adequate data on performance
limits are available.

-\ polished rod or tube of high thermal con-
ductivity, heated at one end and cooled at the
other end so that dew forms on part of the rod
(43) has been used to obtain the dewpoint. The
temperature of the rod measured at the dew
boundary is the dewpoint. There has been no
commercial development of this device. Unpub-
lished data indicate that it is unrveliable at dew-
points below the ice point (0° (') because no satis-
factory ice—no ice boundary is obtainable.

Use has been made of the change in conductivity
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between electrodes on a glass thimble for detecting
the dewpoint (435, H9).

The dewpoint method may be considered a
fundamental technique for determining vapor
pressure or humidity. However, the certainty of
the dewpoint meazurement is intluenced by several
factors, some of which ave of such indeterminate
nature as to make an estimate of the accuracy difli-
cult. It is not always possible to measure the
temperature of the mirror at the surface or to as-
sure that no gradients exist across the surface.
The visual detection of the inception of condensa-
tion cannot be made with complete assurance nor
is it probable that two different observers would
deteet the dew or frost at the same instant, It is
usual practice for the dewpoint to be taken as the
average of the temperature at which dew or frost
is first. detected, on cooling of the mirror, and the
temperature at which the dew or frost vanishes,
on warming of the mirror. This procedure does
not as=nre a correct answer since care must be
taken to locate the thermometer, so that no tem-
perature gradient exists from the cold =otirce to
the mirror face or to the gas as a whole. The
photoelectrie detection of the dewpoint usually
depends upon achieving an equilibrium condition
on the mirror surface during which the amount of
dew or frost remains constant. Tt has been re-
ported (146) that the dewpoint so measured, down
to —35° C, agrees on the average to 0.1 deg C
with the dewpoint measured visually with a
Regnault instrument,

The uncertainty of measuring the dewpoint de-
creases with decrease in temperature. Below low
07 (" uncertainty definitely exisis if the eve is used
for detecting the first sign of condensation, for it
cannot. distinguish or differentiate between the
liquid and ice phase with the minute trace of water
involved.  With a photoelectric system in which
the mirror alternately cools and then warms so
that condensation forms and evaporates, the
photocell is likewise incapable of determining
whether the condensate is liquid or solid.  With a
photoelectric system in which a constant film
thickness 1s aufomatically maintained on the
mirror, ice will form on the mirror, for, as previ-
ously explained, supercooled water cannot long
exist on a free and exposed surface,

Dewpoint instruments have been built with re-
ported sensitivities of 0.1° C (27) and 0.01° C (97)
and with reported aceuracies of =1 percent of
the vapor pressure (27) at temperatures above
freezing and 21° C at —70° C (127).

4.4. Electrical Hygrometers

Dunmore. These hygrometers commonly de-
pend upon the change in eleetrie resistance of a
hygroscopic material with change in humidity,
In one design, Iargely developed by Dunmore (91,
99, 103). two parallel wires of a1 noble metal are
wound upon a polystyerene cylinder or strip. A
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hygroscopie coating of polvvinyl acetate or poly-
vinyl aleoliol and dilute lithium chloride =olution
is placed Dbetween the wires. At constant tem-
perature the logarithm of the electrical resistance
between the parallel wires varies approximately
linearly with the Jogarithi of the relative humid-
ity and s measured by a suitable Wheatstone
bridge, preferably using alternating current. or
other suitable clectric circuits. The electrie re-
sistance at constant relative humidity is highly de-
pendent upon temperature, especially at tempera-
tures below 0° C,

The hygrometer was primarily developed for
use in radiosondes in which the output is fed to a
adio transmitter and controls an audio frequency.
It is widely used for this purpose and is manu-
factured by a number of firms.  An indicator and
a controller for industrial use is now available
commercially,

An elementary theory of the electric hygrom-
eter has been proposed by Schaffer (132).

Similarly, as for the hair hygrometer. the chief
defect has been in stability of calibration, which
seems to have been overcome in the model for in-
dustrial use. The continuous application of di-
rect current causes polarization with a resultant
shift in calibration and ultimate deterioration.
At temperatures above freezing, the response to
humidity changes is rapid, but at lower tempera-
tures, time lags are appreciable. Some data on
the performance at low temperatures are given in
(134 and 150). One of the advantages of this
design is that it is remote indicating an adaptable
for control. See also (113 and 114).

Dewcel.  Another form of the electric hygrom-
eter is the “dewcel”. which is remote indicating
and can be used for control (136, 154). Issen-
tially it indicates the dewpoint temperature. The
sensing element. similarly as the Dunmore ele-
ment, has a parallel wire winding with the ma-
terial between the wires kept wet with a wick im-
pregnated with a saturated solution of lithium
chloride.  The element is heated by an electric
current passed between the parallel wires until its
temperature is such that the element neither loses
nor gains moisture from the surrounding atmos-
phere. The electric resistance of the element in-
creases if the temperature is above the equilibrium
temperature, since the solution concentration in-
creases by evaporation, and vice versa. and thus
the vapor pressure of the solution on the element
is antomatically brought to and maintained in
equilibrium with the surrounding vapor pressure.
The temperature of the element, which is meas-
ured either by a resistance or liquid filled ther-
mometer, determines the vapor pressure of the
lithium chloride solution which in turn equals the
pressure of the water vapor in the surrounding
atmosphere,  The scale can be graduated in terms
of dewpoint insofar as the vapor pressures for
saturated lithium chloride are acenrately known.
It is approximatelv 15 percent of that of water




down to temperatures of about 0° C.  With cer-
tain restrictions the dewpoint is measurable in
the range —16 to +160° I*. Stability of calibra-
tion under service conditions is claimed.

This instrument can be used for remote indicat-
ing, recording and control. It functions best in
still air, and when the ventilation of the sensitive
clement becomes excessive (greater than 50 ft/
min), suitable means must be used to reduce the
ventilation, if accuracy is to be maintained.

Weaver. Weaver and Riley (147) have devel-
()1])ed a type of electric hygrometer which has ap-
plication In routine checking of water vapor con-
tent of gases, particularly those in high pressure
cylinders.

The sensitive element is a film of electrolyte,
vsually phosphoric and sulfuric acid, with suit-
able electrodes for use in measuring the electric
resistance of the film, all mounted in a small case,
as an aviation engine spark plug, suitably modi-
fied. Since the electric resistance of the film is
unstable, a comparison procedure is resorted to, in
which the resistance of the film in equilibrium
with the atmosphere to be measured is immedi-
ately matched by exposing to an atmosphere, the
moisture content of which can be controlled in a
known way.

In the primary use of the instrument, in meas-
uring the dryness of aviator’s oxygen, pressure
control was found to be most convenient and is de-
scribed here only in its most elemental form. Gas,
usually nitrogen, is humidified 100 percent while
at high pressure. A sample of this nitrogen, at
atmospherie pressure, is passed through the cell
and the resistance noted. usually as the reading of
a galvanometer in an unbalanced alternating-cur-
rent Wheatstone bridge.  Then a sample from the
compressed gas under test is passed through the
cell. at & pressure which is reduced until the same
reading is obtained. From the measured pres-
sures and the known water content of the saturated
sample, either the weight of water vapor per unit
volume, vapor pressure, or relative humidity of the
test sample can be computed.

The instrument iz characterized by speed. the
use of a small sample and greater =ensitivity than
is possessed by other instruments or methods com-
parable in these respects. It is available com-
mercially.

Lichtgarn. The variation in electric resistance
with relative humidity of <elected underfired clays
has been investigated by Lichtgarn. The per-
formance data are incomplete as vet, and no ele-
ments appear to be commercially available (137).

Gregory humidiometer. Gregory (120) has
utilized the electric resistance of cotton impreg-
nated with LiCl or CaCl, =olution to measure
humidity. This method has been applied to the
measurement of humidity on the skin and clothes
of a human subject (131).

Burbidge and Alerander. The variation in elec-
trie resistance of cotton wool and human hair has

been investigated by Burbidge and Alexander
(81). The logarithm of the resistancy of these
materials is proportional to relative humidity.

4.5. Gravimetric Hygrometry
a. Change in Weight of Drying Agent

The well-known gravimetric method is accepted
as the most accurate for determining the amount
of water vapor in a gas. The gas mixture of
measured volume and known pressure and tem-
perature is passed over a moisture absorbing chem-
1cal, usually phosphorous pentoxide for results of
the highest accuracy, and its increase in weight
determined. For the data, the weight of water
vapor per unit volume and the relative humid-
ity of the gas sample can be computed. Consid-
erable care is required to obtain reliable data (3,
27, 66, 149). This method is employed only in
fundamental calibration of instruments or exact
determinations of water vapor content.

b. Change in Weight of Absorbing Material

In this type of hygrometer a moisture absorb-
ing material such as human hair, or a chemical,
or combinations of both to obtain a structure con-
venient to handle, is continuously weighed by a
delicate balance with an indicator and calibrated
humidity scale. The weight of the material must
change only with change in the relative humidity
of the ambient air (109, 118, 119). Instruments
of this type are not known to be available com-
mercially.

4.6. Thermal Conductivity

The difference in thermal conductivity between
air (or other gases) and water vapor is utilized
so that the temperature, and thus the electric re-
sistance of a hot wire in a small cell varies with
change in humidity of the air sample. Two hot
wires, one in a reference cell exposed to dry air,
are in a bridge circuit, the output of which is a
function of the vapor pressure of water in the
sample. The theory has been developed by
Daynes (31) and Shakespear (34). A model was
built by ILeeds & Northrup (61, 76). This hy-
grometer is limited in sensitivity at low tempera-
tures owing to the low vapor pressure of water
vapor existing at these temperatures. It has con-
siderable promise as a recorder of humidity in a
closed space and in meteorology. It is limited by
the fact that it is not specific for water vapor but
indicates any change of composition of the gas en-
tering the instrument.

Schwarz (138) has called attention to the pos-
sibility of subjecting the water-vapor sample to
an inhomogencous electric field in a thermal con-
ductivity apparatus.  Since the water molecule is
a dipole, an additional circulation of the water
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vapor, in contrast to that obtained with air, is
secured. This effect can be expected to add to the
effect of differences in the heat conduction of air
and water vapor. No development work appears
to have been done on this possibility.

4.7. Spectroscopic Method

Instruments have been developed in which in-
frared bands which are absorbed by water vapor
are compared in intensity with another band not
so absorbed. The sample of air under analysis
may be in a tube (116, 125) with the spectral
bands obtained from a lamp or may be the entire
atmosphere with the sun furnishing the spectral
bands (124). The effect of water vapor upon the
energy of the received radiation may be measured
by phototubes or thermocouples. The instrument
is not made commercially.

4.8. Index of Refraction

Some experimental work has been done on the
-ariation of the index of refraction of a thin film
of glycerine with water vapor content of the am-
bient air (29 and 48). The method, even if suc-
cessfully developed, appears to have only limited
application. :

4.9. Measurement of Pressure or
Volume

The volume of water vapor in a gas sample can
be measured if its change in volume is measured
at constant pressure before and after the water
vapor is absorbed. Conversely, if the volume is
held constant, the change in pressure gives the
pressure of the water vapor. These methods are
useful only in laboratory investigations. The
difficulty of obtaining accurate determinations in-
creases rapidly with decrease in temperature of
the gas sample. See (1 and 8) for descriptions
of a number of instruments of this type.

In one form of constant pressure apparatus a
manometer and also a graduated tube containing
an absorbing liquid, such as sulfuric acid, are
connected to a gas container. In operation sul-
furic acid is slowly admitted to the container to
absorb the water vapor in the sample and at the
same time in sufficient volume to maintain con-
stant the absolute pressure of the gas, as indicated
by the manometer and a barometer. The volume
of acid admitted is the volume of water vapor in
the sample, subject to corrections for lack of con-
stancy of temperature or of the reference pressure.

If the apparatus just described is modified so
that the sulfuric acid forms part of the original
volume, a constant volume apparatus results. In
this case the change in pressure as the water vapor
is absorbed is the water-vapor pressure.

The tilting form of absorption hygrometer de-
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scribed by Mayo and Tyndall (33) is essentially
a constant volume instrument. Here the absorb-
ing material is installed in a piston which moves
from one end of the cylinder containing the gas
sample to the other as the cylinder is oscillated,
thus forcing the gas through the absorbing chemi-
al.  This piston action reduces the time required
for complete absorption of the water vapor. The
fall in gas pressure which is measured is the water
vapor pressure. The device is proposed as a work-
ing standard in calibration of hygrometers. It
is not available commercially.

One version of constant-volume hygrometer
(105) completely dispenses with an absorbing
chemical and, instead, uses low temperatures to
condense part of the water vapor content of a gas
sample, and from a measurement of the tempera-
ture and reduction in pressure, permits the deter-
mination of the initial vapor pressure. In this
instrument, two identical vessels, one containing
dry gas and the other the gas sample of unknown
water vapor content, are sealed and connected
through a differential manometer. The vessels
are then immersed in a liquid bath and gradually
cooled until the differential manometer registers a
pressure difference, indicating that condensation
of water vapor has taken place in the gas sample.
At this point the temperature and pressure differ-
ence are read. From the saturation pressure at
the observed temperature and from the pressure
difference, the initial water vapor content is then
computed.

By employing a liquid-air trap, the moisture in
a large volume of gas can be condensed and then
suitably measured. The known volume of gas is
passed through the trap and, while the low tem-
perature is maintained, the trap is evacuated. The
apparatus is then allowed to warm up, preferably
in a thermostatted bath, and the vapor pressure
measured. Experience with this method at this
Bureau indicates that for frost points below
—20° C, it is better than the direct determination
of the frost point. 'When using this method with
gases containing carbon dioxide, the temperature
of the air trap is raised above —78° C before
evacuation. This permits any condensed carbon
dioxide to be vaporized and removed from the
trap.

For additional information on absorption hy-
grometers, see (30, 85, 86, 101, 111).

4.10. Thermal Rise

The rise in temperature accompanying the ex-
posure of dry cotton wool to moist air has been
employed as a means of indicating humidity (see
(36 and 45) for details).

4.11.

The change in the mobility of ions, produced
by a-rays and y-rays, due to the presence of water
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apor has been investigated (45, 51). While a
small effect has been observed, no practical hy-
grometer has been developed.

4.12. Dielectric Constant

Birnbaum has developed a recording microwave
refractometer (153) of high sensitivity that can
continuously sample and record the dielectric con-
stant of a stream of air or gas.  Since the dielec-
tric constant of air varies with water-vapor con-
tent. this instrument may be employed as a re-
cording hygrometer.  The refractometer operates
by comparing two identieal cavity resonators,
Into one of these cavities, the test sample is in-
troduced.  The resulting differences in resonance
frequency between the two cavities is then a meas-
ure of the dielectrie constant of the test sample.
In addition to it high sensitivity. the refractom-
eter has a time response, limited by the response
of the recording milliammeter. of about one-half
second to diserete changes in dielectric constant.
;(\ similar instrument has been reported by Crain
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4.13. Ciritical Flow

Wildhack (156) has proposed a means of meas-
uring relative humidity which utilizes sonie, or
eritical, flow through small nozzles. Two sets of
two nozzles in series are arranged in parallel, with
critical flow maintained through all nozzles. .\t
critical flow the mass flow through each nozzle is
independent of the downstream pressure, and is
directly proportional to the entrance pressure.
An absorber of water vapor is placed hetween one
series pair of nozzles, which reduces the mass flow
and hence the gas pressure at the entrance to the
downstream nozzle. Measurement of the dif-
ference in entrance pressures between the two
downstream nozzles, of the absolute pressure of
the gas at the entrance to the referenced down-
stream nozzle, and of the gas temperature, will
serve to determine the relative humidity of the
gas.

4.14. Diffusion Hygrometer

The difference in density of completely and par-
tially saturated air, at the same temperature, has
been employed to measure air humidity (49).
Esentially, a column of atmospheric air is bal-
anced against a colummn of saturated air,  'The dif-
ference in density of the two columns causes the
lighter saturated air to diffuse upward into the
atmosphere and the atmospherie air, beeause of
its greater density to diffuse downward into a
saturation chamber where it, in turn, becomes
fully humidified. The rate of diffusion is then
directly related to the vapor pressure of the at-
mospheric air and is detected and measured by
means of the deflection produced in a suspended

vane. It is claimed that this water vapor diffu-
sion method can operate over a wide temperature
range. is continuously indicating or recording, is
easy to operate and is portable.

A different approach was used in the hygrom-
eter deseribed by Greinacher (122).  His instru-
ment is based on the difference in diffusion of
water vapor and air throngh a semipermeable
membrance. .\ porous clay plate cemented to an
opening in the wall of an enclosed vessel contain-
ing a desiccant preferentially permits air diffu-
ston and prevents water vapor diffusion. A
differential manometer, communicating with the
enclosed  vessel and  the ambient atmosphere
(whose humidity is being measured), registers a
pressure drop Ap, that is dirveetly proportional to
the partial pressure ¢ of the water vapor in the
ambient atmosphere.  In order to avoid consid-
eration of the constant of proportionality of the
apparatus a similar vessel with an identical por-
ours clay plate and manometer. bhut containing
water instead of the dessicant, is employed. The
pressure drop Ap, indicated by the Iatter arrange-
ment is directly proportional'to the difference be-
tween the saturation vapor pressure ¢, and the
ambient partial pressure ¢ at the ambient temper-
ature. The relative humidity is given by the
relation,

e i Ap,
= XV‘—: ———
RH=100 .. 100 % YRRV

Further theoretical consideration of this hygrom-
eter are presented by Spencer-Gregory and
Rourke (141). The instrument is reported to be
extremely sensitive to rapid temperature changes
which may give rise to erroncous readings.

4.15. Chemical Methods

Several methods are available for the deter-
mination of the moisture content in gases by chem-
teal means, .\ very simple and qualitative indi-
ator may be made based on the change in color,
from blue to pink, of cloth or paper impregnated
with cobaltous chloride, as the humidity increases.
When a color comparison scale is employed with
this indicator, a rough estimate of the relative
humidity is obtained (75). Cobaltous bromide
may similarly be used. with a threefold increase
in sensitivity. The colors of these cobalt salts
are affected by temperature as well as humidity.
The guantitative measurement of water vapor has
been successfully made by using cobaltous bro-
mide as an indicator in a visual (112) and in a
photoelectric (123) colorimetrie method.

There is a series of compounds of ketones and
Grignard reagents which can form internal ions
accompanied by the development of intense color,
induced by the presence of water. Some useful
compounds are the complexes of Michler’s ketone
(tetramethyl-diaminobenzophenone) and Grig-
nard reagent (ethyl magnesium bromide, methyl
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magnesium iodide, or phenyl magnesium iodide).
An apparatus, employing the color change of
these compounds, has been developed, primarily
for detecting moisture in compressed oxygen (19),
The apparatus and method involves sealing a
measured amount of compound with dry sand in
a glass ampule. Then, under a controlled and
uniform rate of gas flow, the ampule is broken
and the time for the movement of the resultant
color front along a specified distance is meas-

ured. This time, for a given batch of ampules
identically made, is a function of the moisture
content, the temperature and rate of flow.

A method for the analytical determination of
the water content in a wide range of materials
was proposed by Karl Fischer in 1935 (84). His
reagent. a solution of iodine, sulfur dioxide and
pyridine in methanol. is the basis of titrimetric
procedures that have been applied to moisture de-
terminations in gases (20).

5. Test Methods

The testing and calibration of hygrometers in-
volve the production and control of atmospheres
of known relative humidity over a wide range of
temperatures.  While the methods of humidity
production are varied, they may be classified. con-
veniently, into several categories,  The equipment
for producing the known relative humidity must
be designed so that hvgrometers to be tested ean
be conveniently exposed to the controlled atmos-
phere.

The sections below are restricted largely to the
description of methods of producing a constant
humidity of known amount useful for calibration
of hygrometers.

5.1. Basic Methods

Relative humidity is related. through the funda-
‘mental gas laws, to such parameters as tempera-
ture, pressure. and water-vapor content. Several
convenient and practical methods are available of
directly establishing atmospheres of known rel-
ative humidity with sufficient precision and ac-
curacy by the measurement and control of these
parameters, without requiring auxiliary humidity
measuring and sensing instruments,

The prineiple of divided flow may be employed,
when f{:)w is permissible, to produce any desired
humidity. Apparatus. based on this principle,
has been described in (76) for use at temperatures
above freezing and in (134 and 149), for use at
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FIcure 1. Nimplified schematic diagram of the principle
of opcration of the divided-flow humidity apparatus,
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I'IGUre 2, Simplified schemuatie diagram of the two-temper-
ature recirculating method of relative-humidity pro-
duction,

A, gas pump: B, test chamber; , water; D, saturator: E,
thermostatted bath,

temperatures below 0° C (32° F). A stream of
dry air is divided accurately. usually by means of
a proportioning valve. into two parts. One part
1s saturated. with respect to water or ice; the
other part is maintained dry. The two parts are
then recombined in a test chamber and exhausted
into the air. The relative humidity is given by
the ratio of the division. A simplified schematic
diagram of this method is shown i figure 1.

In the recirculation or two-temperatures
method, a stream of air is saturated at a controlled
temperature and then the temperature of the mix-
ture is elevated. without loss or gain in moisture,
A measurement of the two temperatures serves to
determine the relative humidity. To insure com-
plete saturation at the lower temperature. the air
stream is recirculated in a cloged system from the
saturator (at the lower temperature) to a test
chamber (at the higher temperature) and back
to the saturator. The temperatures must be ac-
curately measured and controlled; for example,
at 20° C (68° F) an error of 0.2° C (0.3° F) in
either temperature measurement represents 1 per-
cent error in relative humidity, which error in-
creases at lower temperatures. Laboratory equip-
ment of this type has been built (106, 155), but
none is commercially available.  The method is il-
lustrated in figure 2.
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In the two-pressure method (147) a stream of
air (or some other gas) at an elevated pressure
is saturated and the pressure of the saturated air
is reduced as required to obtain any desired hu-
midity. Since the desired relative humidity is
required, usually, at atmospherie pressure, the
elevated pressure is so adjusted that the air, upon
expansion to atmospheric pressure, will be at the
proper relative humidity. The pressure of the
air and water vapor mixture is measured at both
the elevated and reduced pressures, and so are the
temperatures, if they differ. To insure that the
saturator and test chamber temperatures remain
the same, and also to provide a means of con-
trolling and establishing any desired temperature,
the saturator and test chamber are immersed in
a thermostatted bath. To prevent condensation
the saturated air temperature must not fall below
the dewpoint. which may require heating the mix-
ture at or before it flows through the pressure-
reducing valve.  Even at room temperature, con-
trol of the saturator temperature will be necessary
if the air flow is appreciable. At constant tem-
perature, the relative humidity is roughly the ratio
of the two pressures, assuming ideal gas laws,
More accurate computation of the relative humid-
ity takes into account deviations from the ideal
oas laws (147),

One type of saturator employed in this method
consists of a eylinder filled with elean sand and
water through which the air passes.  Another
type similarly consists of a cevlinder into which
water has been added, but the air in this type
enters the cylinder tangentially to and above the
water (or ice) surface and, after swirling around
many times over the water, emerges through a cen-
tral port at the top. .\ sketch of this method is
shown in figure 3.

In the water or steam injection method for the
precise control of relative humidity, moisture and
dry air are mixed in desired proportions, using
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Ficere 3. Simplified schematic diagram of the tiro-
pressure method of relative-humidity production.

A. High-pressure gource; B, pressure reducer: C, saturator
(witer or ice); D, valve; E, heat exchanger; F, test
chamber; G, to atmosphere; H, thermostatted bath.

nozzles, orifices or other metering elements in con-
junction with pressure reducers. See (67) for
one application,

5.2. Secondary Methods

Very convenient methods exist for establishing
atmospheres of known relative humidity which
depend upon the equilibrium vapor pressure of
water when a chemical is dissolved in it. These
methods are ideally suited for controlling the vel-
ative humidity of a small closed space. Equi-
librium conditions are more rapidly established
when air circulation or stirring, as by means of a
fan or blower, is emploved. In all these methods,
the test chamber should be kept free of hygro-
seopie materialg, such as wood.

The saturated salt solution method is inexpen-
sive and simpie and produces constant relative
humidities that are roughly independent of tem-
perature.  This method is used frequently for cal-
ibrating mechanical type hvegrometers, A sealed
chamber is required. for which a large glass jar
or bell jar is often suitable. The salt solution is
made up as a slushy mixture in a glass or enameled
tray or in the glass jar, if nsed, with the solution
spreading over as large an area as practicable.
Distilled water and chemically pure salts must be
used.  The salts listed in table 4+ have been found
useful; for a list of others see (4). The data in
table 4 are based partly on the vapor pressure data
given in the International Critical Tables (17)
and partly on dewpoint measurements made at
this Bureau.

TaBLe 4.—Saturaled sall solutions suitable for use in
humidity control

KN Oxr=potassinm nitrate
NaCl=sodium chloride
Me(N O 6H0=magnesium nitrate
Mg Cla.6H2O =magnesium chloride
LiCl=lithium chloride

! Retative humidity of saturated salt solution
Tempera- —— -

ture . 1
KNOy NaCl Mg(NO2.6H:0 © MgClaeH, 0 LiCl

t
et | o I3 [ [ [ 98 ‘ c; o;
0, A2 a7 ™o 5 : 34 19

5 0 4 an o 54 a3 16
w50 103 h 53 33 14
15 1 50 4 75 a3 an 13
an o o o Ta 53 ’ 33 12
25 | 77 (X I 52 33 11
n s a2 Th 52 ! 32 1
35 1 0h L] T M 32 1
40 \ 104,  sa Th 5 [ 31 11

Water-sulfurie-acid mixtures (39, 52, 63) pro-
duce atmospheres of relative humidity that de-
pend on composition and temperature. Two
techniques may be employed. The liquid may be
exposed in a suitable tray in a sealed chamber to
give the equilibrium vapor pressure of the mix-
ture, or air may be bubbled or otherwise brought
into intimate contact with the liquid. Wilson’s
data (39) are reproduced in table 5.
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TaBLE 5. Relative humidity obtained from water-sulfuric
acid solutions

Percentage of HpR Oy (by weight) at—
i Relative S - I
i humidity i
! | 0 250 | 00 ! 0 C
ot e o e e e . I
e | |
! 10 : 63,1 64, & 6. 1 | 68,3
I 25 | 543 55,4 570 ' 50.0
\ 33 49. 4 .9 U 54.0
i 5] 2.1 43.4 R 46,2
I 65 3.8 36,0 371 3%.3
s 29.4 30, 4 | 31.4 32. 4
90 17.8 18.5 l 19.2 20,0

Water-glycerine mixtures (63) will similarly
produce atmospheres of known relative humidity.
The techniques employed with water-sulfuric
acid mixtures work equally well with watet-
glveerine mixtures. The relative humidity ob.
tamable at 25° C from various water-glycerine
solutions are given in table 6.

Tarrr: 6. Relative humidity obtained from water-glycerine
mixtures al 25° ('

‘ Relative humidity Glyeerine (by weight) Specifie gravity
' e e S U U,
o e
¢ ‘
n [1H] 1.4
i 20 w2 1.
i 30 : G 1.
: 40 N4 1.2
: 50 ) 1.2
i s 72 ; 1.
\ T , (18] i 1.
Nl ' a1 i 1.
o 33 . 1.

5.3. Control Methods

In response to a sensing element. such as a
mechanical hygrometer, electrical hygrometer,
or psychrometer, the humidity of a closed space
may be raised by water, spray or steam injection,
by exposure to a water surface or wet wicks, or
by the introduction of saturated or high humidity
air (or gas). or the humidity may be lowered by
chemical absorption, or the introduction of dry
air (or gas). ‘The controls that are used may be
manual or automatic.

One type of controlled-humidity chamber de-
sign (32, 45) consists, essentially, of a sealed
chamber, such as a bell jar. in which air circula-
tion is obtained by means of a fan. Two trays,
cach with a tight cover that can be raised and

lowered externally, are placed in the chamber.
One tray contains a chemical absorbent. such as
sulphuric acid, silica gel or Drierite, while the
other contains distilled water, preferably with ex-
posed cotton or linen wicks. The cover of the
appropriate tray is raised until a hygrometer in-
dicates that the desired relative humidity has been
attained. The cover is then dropped and, since
the chamber is sealed. the humidity remains con-
stant. This chamber may be made automatic by
using the output of a sensing element, through an
appropriate cireuit, to raise or lower the required
cover,

See (8. 10, 12, 50, 54, 58, 62. 63,92, 114, and 129).
for additional suggestions and details.

5.4. Comparisons with Standards

While it is preferable to use atmospheres of
known relative humidity for testing or calibra-
tion, it is often desirable to make spot checks of
mechanical hyerometers and hygrographs under
prevailing atmospherie conditions or even, in some
cases. to test or calibrate hygrometers in cham-
bers where the humidity is not known or only
known approximately. Under these eonditions,
the readings of the instrument under test may be
compared with those of a standard instrument.

It is generally considered that the primary
standard in hygrometry is the gravimetric method
of water vapor measurement. However, except
for work of the highest order of accuracy, this
method is seldom used as a working standard.  On
the other hand, proved designs of dewpoint indi-
cators and recorders are frequently employed as
working standards where accuracy is desired.
Many models are in the nature of laboratory in-
struments, especially those depending on visual
observation and manual temperature control. re-
quiring skilled personnel for successful operation
<o that they are not usually used in routine cali-
brations. The dry- and wet-bulb psyvchrometer is
particularly suited for rapid routine work. It
should be used with caution in small enclosures,
for evaporation from the wet-bulb may increase
the relative humidity of the space being measured.
If adequate ventilation is secured and proper pre-
autions are observed, the psychrometer is cali-
brated merely by having its thermometers
calibrated.
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